Cocrystals are built up from several types of molecular interactions: hydrogen bonds, ionic bonds, π-π stacking and van der Waals forces[@b1][@b2][@b3][@b4]. It has been demonstrated that cocrystals are thermodynamically more stable than crystals of pristine compounds[@b5]. For pharmaceutical applications, cocrystallization is highly promising for tailoring properties of the Active Pharmaceutical Ingredient (API) and coformer couple to improve dissolution kinetics, the degree of bioavailability, and also the stability (pH and thermal) of the compound[@b1][@b3][@b4][@b5][@b6].

Caffeine, well known as a nervous system stimulant and a smooth muscle relaxant, is generally used as a formulation additive to analgesic remedies[@b8]. The advantages of cocrystallization are described, for example, on this pharmaceutical compound, which is able to cocrystallize with several compounds such as carboxylic acids, resulting in an increased stability to humidity. Whereas the cocrystal based on caffeine and glutaric acid is partially unstable to humidity[@b7], cocrystals obtained with oxalic acid exhibit complete stability to humidity over a period of several weeks[@b8].

In the field of explosive molecules - some of which are also employed as pharmaceutical substances[@b9] - the reactive properties strongly correlate to inherent parameters as the degree of proximity between the oxidative and fuel parts within the explosive molecule. Although the research on new explosive molecules is still going on for increasing performance and security, the nano-structuring and nano-cocrystallization of existing explosive mixtures offer promising opportunities to enhance stability against unwanted decomposition and therefore safety of these advanced materials[@b2][@b10][@b11][@b12][@b13][@b14][@b15][@b16][@b17][@b18]. Recently, it has been shown that the equimolar cocrystallization of 2,4,6-trinitrotoluene (TNT) with 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-wurtzitane (CL-20), TNT/CL-20, leads to an explosive cocrystal with reduced sensitivity compared to the one of the powerful pure CL-20 compound[@b2]. From an energetic point of view, more interesting is the cocrystallization of 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX) with 2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-wurtzitane (CL-20), HMX/CL-20 1:2 molar ratio, leading to an explosive cocrystal with a predicted detonation velocity of 100 m/s higher than that of beta-HMX and with a reduced sensitivity similar to that of HMX but far away from the high sensitivity of pure CL-20[@b13].

At the moment, four different main techniques contribute to the state of the art in preparation of cocrystals[@b1]. All comprise crystallization by slow evaporation of concentrated solutions, solid-state grinding of the reactants in presence (or not) of a solvent, electrochemically induced reactions and the kinetically controlled crystallization by rapid evaporation of the solvent from a solution containing single pure compounds. In fact, it must be stressed that this last dynamic technique enables the formation of metastable polymorphs, not accessible by classical crystallization techniques. However, as these four techniques allow synthesizing products by a discontinuous manner, they are not suitable for high industrial productions. A further drawback, these processes have in common, is the formation of only micronsized cocrystals, with lower bioavailability due to the slower dissolution rate compared to nanomaterials. The Rapid Expansion of Supercritical Solutions (RESS) process was developed to elaborate nanoexplosives. This specific technique also offers some cons: the use of supercritical carbon dioxide as a poor solvent considerably reduces the production capacity. Furthermore, it is not possible to control precisely solute concentrations, which is, however, essential for cocrystals as they are based on defined molecular ratios between the individual pristine compounds[@b19].

By means of the Spray Flash Evaporation process[@b20][@b21][@b22], depending on the type of molecular interaction (see above) between the different molecules, different types of mixtures can be engineered ([Fig. 1](#f1){ref-type="fig"}), such as entirely crystalline composites, semi-crystalline mixtures and cocrystals. Single molecules that are not subject to these molecular interactions are not to be expected to effectively form cocrystals or related material. In Addition intermolecular steric hindrance can prevent cocrystallization.

The Flash Evaporation technique is characterized by an extraordinary fast crystallization rate compared to other classical techniques, that favors close interaction between different molecules to produce desired cocrystals.

Results and Discussion
======================

To demonstrate feasibility of this concept for pharmaceutical applications, two model caffeine based cocrystal systems were chosen: Caffeine/Oxalic acid 2:1 and Caffeine/Glutaric acid 1:1 cocrystals (both molar ratio).

For the domain of explosives, we have elaborated two nano-cocrystal systems and two semi-crystalline nanocomposites. Synthesized nano-cocrystal systems are 2,4,6-trinitrotoluene (TNT)/2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-wurtzitane (CL-20) 1:1, named as TNT/CL-20 1:1, and 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane (HMX)/2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso-wurtzitane (CL-20), named as HMX/CL-20 1:2. Semi-crystalline nanocomposites of TNT and HMX were crystallized in 1:1 and 1:2 molar ratios, named as TNT/HMX 1:1 and TNT/HMX 1:2, respectively. Chemical formulae of pure compounds are depicted in [Figure 2h](#f2){ref-type="fig"}.

Our products were observed by Atomic Force Microscopy (AFM) at room temperature and atmospheric pressure. In contrast with electron microcopy, the mild measuring conditions do not destroy nor alter morphology of the sample. Based on our results of AFM imaging, particle size distributions of corresponding mixtures were determined ([Fig. 2g](#f2){ref-type="fig"}).

For the cocrystals, mean particle size ranges from x~mean~ = 59 nm (HMX/CL-20 1:2) to x~mean~ = 111 nm (Caffeine/Glutaric acid 1:1). In case of the Caffeine/Glutaric acid 1:1 cocrystal, the formation of a more pronounced acicular shape by trend was observed ([Fig 2b](#f2){ref-type="fig"}) -- in contrast to primarily spherical morphologies of the alternative systems ([Fig 2a, c--f](#f2){ref-type="fig"}.). The smallest particles were found in both TNT/HMX mixtures with a mean particle size of x~mean~ \~ 40 nm for each ([Fig 2g](#f2){ref-type="fig"}).

In order to prove the formation of cocrystals, X-ray diffraction (XRD) in the range of 2θ = 10 to 35 was performed on every sample ([Fig. 3](#f3){ref-type="fig"}): As can be seen from Caffeine/Oxalic acid 2:1, Caffeine/Glutaric acid 1:1, TNT/CL-20 1:1, and HMX/CL-20 1:2 -XRD-patterns, mixtures significantly differ from those of individual pristine substances. This fact clearly confirms cocrystallization of individual substances. All obtained diffraction patterns correspond to theoretical patterns of cocrystals taken from Cambridge Structural Database, and to those described in literature[@b2][@b8][@b13]. Presented XRD-patterns are in fine agreement with the results given by Bolton and Matzger who present XRD-data of micronsized cocrystals of TNT/CL-20 1:1 and of HMX/CL-20 1:2[@b2][@b13]. They claim intrinsic propagating hydrogen bonding and non propagating nitro-aromatic and nitro-nitro interactions between the TNT molecule and the CL-20 molecule to build up the cocrystal[@b2]. In case of HMX/CL-20 1:2, the crystal structure features a packing motif in which layers of HMX alternate with bilayers of CL-20[@b13]. Finally, mainly mono-cocrystals at the nanoscale were formed as the mean particle size of 60 nm given by AFM is close to the mean coherent crystallite size of 62 nm derived from the full width at half maximum (FWHM) of the X-ray signals (determined by the well known Scherrer equation). For all other cocrystals, measured particle sizes were approximately two or three times larger than the specific corresponding coherent crystallite size, showing that synthesized nanoparticles are polycrystalline and composed of five to ten single crystal domains.

In case of TNT/HMX 1:1 and 1:2 formulations, the XRD pattern of the pristine TNT was still present in both mixtures whereas only the strongest peaks of HMX could be found near the baseline. The latter indicates that cocrystals were not formed. Moreover, the lack of HMX signals indicates that this pure compound is rather present in an amorphous state, which indicates semi-crystalline nature of these systems that are physically mixed, not chemically combined via molecular interactions inside of a cocrystal. XRD analyses performed after ageing for a period of two months of the product show that no crystallization of HMX occurs and that it remains in an amorphous state, making this composition a mixture of crystalline TNT and amorphous HMX. Moreover, the small particle size observed by AFM (see [Fig 2g](#f2){ref-type="fig"}) is explained by the inability to grow large cocrystals and by mutually hindered growth of TNT and HMX pure particles.

Thermal behavior of the as-synthesized cocrystals was studied using Differential Scanning Calorimetry (DSC). As shown in [Figure 4](#f4){ref-type="fig"}, the presence of TNT/CL-20 1:1 cocrystal is obvious. This is evidenced during the first heating by the lack of the characteristic pure TNT melting signal at 80°C ([Fig. 4a](#f4){ref-type="fig"}). This indicates that TNT and CL-20 molecules form a well-defined cocrystal lattice instead of two different crystalline phases. The observed endothermic signal at 135°C (onset temperature) was considered as the melting temperature of the cocrystal. After the first heating phase the DSC crucible was cooled down and heated again. During the second heating, the melting signal of pure TNT appeared as expected at 80°C. This experiment definitely demonstrates the cocrystalline nature of this compound. Indeed, after dissociation of the cocrystal and breakage of the bimolecular interactions during the first heating, the pristine compounds crystallized separately during the cooling phase.

The existence of the cocrystal Caffeine/Oxalic acid 2:1 was also proven by DSC measurements as the first heating phase evidences a melting onset temperature of 199°C, which is between both melting temperatures of the pure compounds ([Fig. 4b](#f4){ref-type="fig"}). This melting behavior is followed by decomposition of released pure oxalic acid during dissociation of the cocrystal. After cooling, the second heating reveals the melting of the only remaining pure caffeine. In case of TNT/HMX 1:1 and 1:2 mixtures, the specific melting signal of TNT is already present during the first heating phase, and remains unchanged during the second heating. In fact, this shows that the corresponding sample is a physical mixture of independent TNT and HMX nanoparticles ([Fig. 4c](#f4){ref-type="fig"}).

Raman spectra of the energetic/energetic cocrystalline systems HMX/CL-20 1:2 and TNT/CL-20 1:1 are given in [Figure 4d--e](#f4){ref-type="fig"}. In 4d the most intense Raman band, at \~860 cm^−1^ exactly fits the value of the sharp vibrational band published from Bolton et al. indicating the successful formation of a HMX/CL-20 cocrystal. The most intense signal within the characteristic fingerprint in 4e (TNT/CL-20 1:1) is 1360 cm^−1^ featuring nitro functionalities and exactly matching the value of published results from the same group for micronsized cocrystals slowly grown from ethanolic solution[@b2]. At higher wavenumbers (\~3000 cm^−1^) a second characteristic regime occurs reflecting vibrational modes of CH -- for both systems.

In this letter we demonstrate existence and engineering of hybrid nanoparticles that are structured at the subnanometer level which is evidenced by the identified nano-cocrystals. In the field of energetic materials, cocrystals represent an exceeding interest for further investigations of thermal properties of explosives. Due to decomposition of the cocrystal during the melting phase, the crystallization enthalpy of the pure pristine compounds can be measured. These pure compounds, under normal conditions, would decompose first, during or immediately after the melting process. For medical issues, we demonstrate that continuous engineering of API-based nano-cocrystals is possible and grams - even kilograms - per hour production rate can be reached for an industrial continuous production of essential cocrystal-based medicaments. This is the first time production rates within the mentioned order were achieved by our method. In the near future, produced cocrystals may also impact a broader variety of domains of applications such as ferroelectrics[@b23][@b24], non-linear response materials[@b25], and electronic organics[@b26]. As recent studies have demonstrated the need of nanostructured explosive composites for synthesizing extremely small nanodiamonds by detonation for photonic and quantum applications, energetic nano-cocrystals used as precursors, may lead to further breakthroughs[@b27][@b28][@b29][@b30][@b31].

Methods
=======

The nano-cocrystals and nanocomposites were all prepared by means of the Spray Flash Evaporation technique[@b20][@b21][@b22], a process that allows continuous preparation of numerous thermosensitive nanomaterials and compositions within a single processing step ([Fig. 5](#f5){ref-type="fig"}). As the name implies, the basis for this process is the flashing behaviour of superheated liquids that are subject to a sudden pressure drop. The substances intended to be crystallized are dissolved in a low boiling solvent. In general, most liquids with a boiling point below 60°C are suited for this process, covering a wide range of common solvents. Using an overpressure of 40 to 60 bars, the solution is atomized into an evacuated atomization chamber by means of a heated hollow cone nozzle. The pressure in the atomization chamber is kept constant at 5 mbar using a 35m^3^/h vacuum pump. Due to a sudden pressure drop, the thermodynamic equilibrium displaces and the superheated solution becomes thermodynamic unstable. To regain its thermodynamic stability the excess thermal energy converts into latent energy, causing the ultra fast evaporation of the solvent and inducing crystallization of the solute. This sudden pressure drop is accompanied by a strong temperature drop of almost 200°C (in fact, from 160°C nozzle temperature to −30°C nearby the spray outlet[@b20]), having a protective effect on the nanoparticles and preventing their further growth. Because of low thermal load - acting on the solute - the process can be adapted to a broad product range. Continuous separation of nanoparticles is achieved by in parallel mounted axial cyclones, enabling the extraction of the product from the running system. Further drying experiments exclude residual solvent in the space of our product. The variable process parameters used for the preparation of the cocrystals and the physical mixtures, are listed below ([Tab. 1](#t1){ref-type="table"}).

AFM patterns were recorded using a MultiMode Nanoscope IV configuration from the Bruker Metrology Group (Santa Barbara, USA) that is equipped with a Bruker 'RTESP\' (Rotated Tip Etched Silicon Probe) AFM probe. This probe has a silicon cantilever with a length of 125 mm, a width of 35 mm and a thickness of 4 mm. The tip has a curvature radius of about 10 nm. Raman spectroscopy was conducted with a Renishaw (Gloucestershire, UK) inVia Raman microscope and a 514 nm laser. XRD scans in Bragg-Brentano geometry were performed on a Bruker AXS Advance D8 (Karlsruhe, Germany) X-ray diffractometer using Cu Kα radiation (λ~Kα~ = 1.54 Å) at an acceleration voltage of 40 kV and 40 mA, operating current. DSC was performed on a Q1000 from TA Instruments (New Castle, USA).
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![Process scheme, and types of organic mixtures obtained by the Spray Flash Evaporation Process.\
Drawing created by the authors, software: Mercury 3.1, Gimp 2.8, Inkscape 0.48.5 and Paint 6.3.](srep06575-f1){#f1}

![AFM topography, particle size distributions and molecules of the pure compounds.\
(a), Caffeine/Oxalic acid 2:1, (b), Caffeine/Glutaric acid 1:1, (c), TNT/CL-20 1:1, (d), HMX/CL-20 1:2, (e), TNT/HMX 1:1, (f), TNT/HMX 1:2, a-f, lateral scale bars, 1 µm, height scale bars, 0,4 µm, (g), particle size distributions of the cocrystals and semi-crystalline mixtures and (h), chemical formulae of the pure compounds (**1.** Caffeine, **2.** Oxalic acid, **3.** Glutaric acid, **4.** TNT, **5.** CL-20, **6.** HMX).](srep06575-f2){#f2}

![XRD Powder diffractograms.\
(a), Caffeine/Oxalic acid 2:1, (b), Caffeine/Glutaric acid 1:1, (c), TNT/CL-20 1:1, (d), HMX/CL-20 1:2, (e), theoretical diffraction patterns of the cocrystals (Cambridge Structural Database), and (f), TNT/HMX semi-crystalline mixtures.](srep06575-f3){#f3}

![Upper part: DSC Curves of the cocrystals and semi-crystalline mixtures.\
(a), TNT/CL-20 1:1, (b), Caffeine/Oxalic acid 2:1, and (c), TNT/HMX 1:1. For each graph, "a" and "b" are the first and the second heating phase, respectively. Heating ramp: 5°C/min. Lower part: Raman spectroscopy of the as synthesized cocrystals. (d), HMX/CL-20 1:2, and (e), TNT/CL-20 1:1.](srep06575-f4){#f4}

![Process flow chart of the Spray Flash Evaporation process.\
Drawing created by the authors, software: Gimp 2.8, Inkscape 0.48.5 and Paint 6.3.](srep06575-f5){#f5}

###### Crystallization experimental processing conditions. Caf: caffeine, Ox: oxalic acid, Glu: glutaric acid

                        Caffeine/Oxalic acid   Caffeine/Glutaric acid   TNT/CL20    HMX/CL20    TNT/HMX    TNT/HMX
  -------------------- ---------------------- ------------------------ ----------- ----------- ---------- ----------
  Molar ratio                   2:1                     1:1                1:1         1:2        1:1        1:2
  Solvent                     acetone                 acetone            acetone     acetone    acetone    acetone
  Masses (g)                  Caf:3,5g                Caf:4,8g          TNT:2,4g    HMX:2,7g    TNT:3,4g   TNT:2,2g
                              Ox:0,8g                 Glu:3,2g          CL20:1,2g   CL20:8,0g   HMX:4,5g   HMX:5,7g
  Solute conc. (w-%)            1,0                     2,0                1,0         2,7        2,0        2,0
  Vol. Solution (mL)            500                     500                460         500        500        500
  Nozzle temp. (°C)             160                     160                170         170        160        160
  Cyclone temp. (°C)             80                      80                50          80          80         80
  Nozzle dia. (μm)               60                      60                60          60          60         60
  Pressure (bar)                 40                      40                40          50          50         40
  Duration (min)                 68                      56                60          44          41         62
  Product (g)                   2,77                    5,13              1,59        4,93        5,35       4,85
  Yield (%)                     64,7                    64,1              43,8        46,1        67,8       60,6
